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Introduction
Knowledge of the anatomy of the femur is essential in hip (THA) and knee arthroplasty (TKA). Since malrotation problems can only be objectivated in extreme cases (i.e. patella dislocations and hip dislocation), less severe malrotations usually go unnoticed, but these patients may have clinical symptoms. These symptoms might even necessitate revision surgery [1] - [5] . Recognition of not only the ideal coronal and sagittal plane position but also transverse plane position of a joint preoperatively might prevent less optimal prosthesis position. Thus knowledge on anatomic morphology is important and might be useful in determining the position of a prosthesis within a patient. In general, only weight bearing AP and lateral views of the knee are made, thus information on torsion of the distal femur of the knee with respect to the proximal femur cannot be determined and therefore the position of the femoral component of a TKA cannot be determined from plain radiographs of the knee (with or without weight bearing. During surgery, the three most common references for setting the rotational (sagittal) position of the femoral component are (a) the posterior femoral condyles (b) the epicondylar axis and (c) the whitesides line, which is the alignment of the AP axis as estimated from the trochlear groove (Siston et al., 2005) . Neither one is superior. The PCA (Figure 3) is the most common used rotational reference for TKA [2] [3] [6] - [8] . The torsion of the distal femur differs inter-and intraindividual in many studies [2] [8]- [12] . Since most measurement are out-of-plane with respect to the conventional AP and lateral knee and hip radiographs, measurement of torsion of the femur has to done at CT scans. Contrary, the inferior condylar angle (ICA) (Figure 4) can be measured at a conventional radiograph. Thus if the ICA is highly correlated to the PCA one could have a tool to estimate the distal femoral rotation on a conventional AP radiograph. Thus, the aims of this study are 1) to see if there is a relation between femoral anteversion and either the posterior condylar axis or the inferior condylar axis, and 2) to see if the posterior condylar axis and the inferior condylar angle can be used interchangeably for alignment of a femoral component of a TKA.
Materials and Methods
At the Anatomy Department of the Leiden University Medical Center (LUMC), 50 Caucasian femora were available after use for medical education. Exclusion criteria were: signs of prior trauma or surgery (e.g. prosthesis of the hip, knee) or signs of osteoarthritis. In total 25 paired cadavers (11 men, 14 female) were studied. The average age at time of death was 79 years (men: mean 74 years; SD 11); (female: mean 84 years; SD 7). The whole group ranged from 57 to 94 years.
All soft tissues were removed before scanning. A multislice CT scan was made according to a standard protocol. The CT scans were made on a 64-slice scanner (Aquilion, Toshiba, Otawara, Japan), scanning parameters were beam collimation 64 × 0.5 mm and pitch 0.828; images were reconstructed using a standard kernel with 1 mm slice thickness and 1 mm reconstruction index. The labelled femora were scanned per pair and the data were separated into single femurs. The measurements were done at random using a three-dimensional software system (OsiriX version 3.5.1, California, USA) and the same workstation (Apple, Mac OS X, California, USA).
CT Measurements
For all anatomical measurements we used the in literature most common used/described and reproducible methods. The measurements were done twice by the same observer (LCDK) at two different occasions (3 weeks apart) in a random order. All measurements of the Femoral Anteversion Angle (FAA) (Figure 2 ) are based on the ORTHODOC protocol [13] . The differences and/or correlation of the most commonly used proximal and distal femoral angles (FAA and PCA) were analysed (a) within individuals, (b) between right/left and (c) gender, while these are most important in arthroplasties. We also analyzed the ICA to see whether there is a relationship between the ICA and PCA/FAA.
Measurements of the PCA were done as an adapted version of the measurements recommended by Yoshioka et al. [12] . The same adapted method was applied for the inferior condylar angle using the Trans Epicondylar Line (TEL) and the most distal bony axes in AP view (Figure 2(b), Figure 3(b), Figure 4(b) ).
Femoral Anteversion Angle Measurement
The FAA was defined as the angle between the line through the centre of the femoral neck and head (FHNL) and the Posterior Condylar Line (PCL). We used a 5-step procedure, as a guideline:
1. A three-dimensional-overview was made. A so called thick slice was used showing the view through the middle of the femoral head and the middle of the femoral neck. The centre of the femoral head was measured by drawing the longest line through the head, perpendicular at the femoral neck line. The middle of this line was used as the centre of the head. The proximal line was drawn by starting a line through centre of the femoral head. The line parallel to both collum borders was used as femoral neck axis. In an anteroposterior and axial view it was checked if the figure (and FHNL) was through the centre of the femoral neck and head (See black line in Figure 1 ).
2. The second image was from the distal femur. The guidelines to make this figure were to have a view of the PCL and the TEL. The PCL is the line drawn along the most posterior edge of both femoral condyles. The TEL is defined as the line between the femoral medial (most prominent point) and lateral epicondyles.
3. Both images were made using the "thick slice" option in Osirix. Using this option the outer margins of the femoral bone and consequently the maximum diameter of the bone was visible. The thickness of all slices was set on 40 mm.
4. The Osirix images were converted to DICOM-images and these two images were superimposed (Figure 2 ), making the FHNL and the PCL visible in one view and measurements could therefore be performed without changing the slides.
5. For final measurement of the FAA, the "dynamic angle" option in the Osirix software was used. The usage of this "dynamic angle" option allows the researcher to indicate two separate lines in different slides. Therefore, this option makes it possible to use the same baseline angle, which has been measured once, in different slices. The FAA was calculated by identifying the femoral head and neck centre. This FHNL was referenced to the PCL. 
Posterior Condylar Angle Measurement
The PCA is the angle between the posterior condylar line (PCL) and the anatomical or clinical transepicondylar axis (TEL) (Figure 3 ), in literature also called condylar twist angle (CTA) [14] .
The measurement of the PCA was done in a two-step procedure: 1. The PCA was measured on the figure of the distal femur used for measurement of the FAA, as described above. Using the "thick slap" option we optimised determination of the PCL.
2. The PCA was measured using the dynamic angle option (Figure 3) . The PCA was noted positive when medially opened (external rotation).
Inferior Condylar Angle Measurement
The ICA is based on the inferior condylar line (ICL) and the TEL in the AP plane (Figure 4) . This measurement is also performed in a two-step procedure.
1. An image in the coronal plane of the distal femur was made created. A thick slice was made of the figure showing the TEL and the most inferior borders of the femoral condyles. In the sagittal view was checked that the inferior borders of the condyles were visible.
2. The dynamic angle option was used. The ICA had a positive denominator if the angle opened medially (Figure 4 ).
Statistical Analysis
To estimate the reliability of the measurements the Intraclass Correlation Coefficient (ICC) and also the Standard Error of Measurements (SEM) were calculated. Descriptive analysis was performed to analyse the normal values and distributions of these angles, values are given as mean, standard deviation and range. Unpaired t-tests were applied to analyse the differences in these angles between males and females paired t-tests were used for comparison of the left to right difference. Correlation coefficients of the FAA, PCA and ICA (rho) were calculated for the whole group of femora and for gender (male and female) and side (left and right). To investigate if the PCA could be predicted, a regression model was build: both univariate and multivariate with FAA, ICA, gender and side as possible predictors. Statistical significance was set at a p-value of ≤0.05. All data were analysed using SPSS (SPSS for Windows Release 17.0; SPSS Inc., Chicago, Illinois).
Results
The descriptive values are displayed in Table 1 . Important to note is the wide range in both ICA and PCA, although the mean is used in clinical practice, the difference from this mean value could reach more than 6 degrees. Although the mean value for PCA is used in clinical practice, we found that PCA can differ substantially with a range from 0 to 12 degrees. When we would use an arbitrary cut-off of plus or minus three degrees from the mean value, 23% of the femora are outside this range. In Figure 5 , a histogram is shown with the distribution of the deviation of the mean PCA.
Reliability
The Intraclass Correlation Coefficient of the two measurements of the FAA, PCA and ICA, were respectively 0.90, 0.91 and 0.93. Rating the ICC > 0.80 as good, the measurements are reliable. The SEM was low, namely for the FAA 0.94˚, for the PCA 0.79˚, and ICA 0.67˚. 
Correlations
When we compare the FAA, PCA and ICA between males and females, only the ICA is different, 3.8˚ (SD 1.8) for females and 5.0˚ (SD 2.2) for males (p = 0.009). We found no difference in a paired t-test when comparing the left and right knee: the observed differences were 1.2˚ for the FAA (p = 0.27), 0.4˚ for the ICA (p = 0.30) and 0.4˚ (p = 0.30) for the PCA. Though the mean difference between the ICA and PCA was very small, 0.3˚ (SD 2.9), there is no correlation between these two measurements; Rho is 0.14 (p = 0.23).
When comparing the correlation values of the FAA, PCA and ICA, only 3 correlations were found to be statistically significant;
1. For correlation measurements of the total group for the FAA, a strong correlation was found between the right and left FAA (r = 0.82; p = 0.01).
2. A weaker correlation was found for the right and left PCA (r = 0.59; p = 0.01) and not for the right and left ICA (r = 0.26, p = 0.11).
3. When the FAA compared to the PCA is subdivided in sexes, there is a moderate correlation for the female group only (r = 0.54; p = 0.01).
The other correlations were not statistically significant and very weak ( Table 2) . We used the FAA, ICA, gender and side as predictors for the PCA. It was not possible to predict the PCA with these mentioned factors as predictors.
Discussion
The aims of this study were 1) to see if there is a relation between femoral anteversion and either the posterior condylar axis or the inferior condylar axis, and 2) to see if the posterior condylar axis and the inferior condylar angle can be used interchangeably for alignment of a femoral component of an TKA.
Malrotation is one of the most important errors following TKA, and is directly related to poor outcome [1] - [5] . The aim of our study was therefore to analyse anatomical torsion differences of human femora using CT. Therefore the study was designed to determine whether an association existed between the FAA, PCA and the ICA and whether the ICA could be used as estimation for the PCA and FAA. Only a moderate correlation was found for the FAA and PCA in female, for all other combinations no significant correlation was found. Though the mean difference between the ICA and PCA was very small, we did not find a correlation between the ICA and PCA (r = 0.14) or FAA as well (r = 0.16).
Considering all potential anatomical measurements presented in literature, we used the most common used CT based method of Lee et al. As also shown by Sugano et al. 1998 , there is no gold standard, they compared three CT measurement protocols and found different values. However, the ICC of all three angles in our used measured CT protocol was >0.80, thus they can be considered reliable measurements. More than 60 papers have been published on measurements of the FAA from 1878 till now. Mikulicz et al. were the first describing measurements of the FAA [15] . Anatomic measurements, biplane radiography, axial tomography, ultrasonography, fluoroscopy and eventually multi-resonance imaging (MRI) and CT imaging have been used.
We only included published CT and MRI measurements to compare our results with ( Table 3) . We are aware of the fact that our measurements were only done by CT. However, we do believe that we could use the results of both MRI and CT for comparison of our results.
Especially gender differences in femoral anatomy are studied and discussed in literature [16] - [19] . Dargel et al. also concluded that implant design should focus interindividual variations in knee joint anatomy [17] .
Differences in FAA are common in literature, especially the range of this angle shows variability. Most of current researches are based on the axis through the femoral head-neck axis and a base-axis [20] - [23] . However, for this base-axis different reference lines are used. Toogood et al. use the transepicondylar axis of the distal femur [24] . Yoshioka et al. used the transverse functional axis of the distal femur which is referenced to the transepicondylar line (z-axis) as a reference to measure the values of FAA [12] . The lowest variability (i.e. Method 3.95% confidence limits of ±0.4˚) is shown when surgeons use the PCL as reference line [25] .
Therefore, this PCL was used for measurement of the FAA. The differences in measurement methods may reveal the differences in FAA noted in Table 3 , showing a variability from 0˚ to 40˚ (Table 3) , which demonstrates a large standard deviation and differences between observers and methods [20] [26] . We found comparable results for the FAA.
Femoral anteversion can influence the stresses on a TKA but alignment of the TKA components is not based on the FAA, solely on the mechanical axis and the rotational axis (PCA, etc.). Vice versa, an abnormal FAA is not corrected by adjustment of the TKA position but should, if necessary, be corrected extra-articularly.
Similar limitations in current literature on measurement exist for the distal femoral (PCA) measurements. The protocols differ in the listed studies. For example, Griffin et al. used the surgical TEL and used the cartilage surface of the knee [10] . Tanavalee et al. have made a comparison of the anatomical TEL and the surgical TEL, and there has been proven that the anatomical TEL is more reliable. Therefore, we used the anatomical TEL as a reference line to measure PCA and ICA [11] .
In perspective of the older knee joint, and more specific knees with osteoarthritis, there could be a difference in the PCL as reference line [10] . For example Aglietti et al. showed that posterior condyles can be worn off because of cartilage erosion [27] , influencing the PCL. However, macroscopically in our femora there was no cartilage loss on the posterior condylar region.
Analysis of the FAA, PCA and ICA showed a broad range of measurements and only a weak correlation between the proximal (FAA) and the distal femur (PCA). A more individual approach in total knee arthroplasty is getting more attention and our study results suggest that awareness of anatomical differences is needed to plan an individual arthroplasty.
When FAA and PCA were subdivided in sexes, we found only correlation in females (r = 0.54) compared to no correlation (r = 0.02) in males. The anatomical difference in varus/valgus alignment of the femur and shape of the pelvis between men and women, also reflecting probably a difference in shape of the femoral condyles in men and women and could be an explanation.
We did not find many correlations between all possible combinations of the FAA, PCA and ICA which were statistically significant. Thus an estimation of a easy to measure ICA line at the AP radiograph cannot be used to determine the epicondylar rotation. A wide range and variability was seen, supporting the hypothesis that considering sagittal alignment an individual, patient specific approach might be needed. Based on our results, the ICA measured on a CT is not useful in estimating the PCA and thereby gives no information on the distal femoral rotation. Others found lack of correlation between PCA and ICA (called DCA in their study) as well [28] .
Along with this a new development is the usage of computer assisted orthopaedic surgery or/and preoperative MRI or CT planning combined with special patient specific manufactured intra-operative saw molds [29] .
These methods tend to to enhance visibility of surgical anatomy and improve accuracy by means of robotic devices or navigation systems [30] .
Nevertheless, there is no complete uniformity about the accuracy of these methods [31] . For example, it has been shown that individual sagittal position of the femoral component using a Computer Assisted Orthopaedic Surgery system differs significantly from the position on the postoperative CT scan [32] . However, debate exists on the value of CAOS for improvement of TKA placement.
It is possible that the morphology of the proximal femur determines the distal femur and vice versa [33] during growth, however, no (further) studies on this topic have been performed. Therefore it is of interest and probably important to examine the relationship of the distal femur to the hip for knee arthroplasty and other knee pathologies. This requires more time, technological and radiological effort.
Conclusion
Based on our results we conclude that the most frequently used proximal and distal femoral angles (FAA and PCA) differ within individuals, and between the right and left leg. There is only a correlation between FAA within individuals and in females there is a weak correlation of the FAA with the PCA. The ICA showed no correlation with the other measurements and was not useful to estimate the rotation of the distal femur. Current guidelines to determine rotation in TKR show great variation between individuals. Therefore, a more individual approach would be recommended to be implemented in these currently used guidelines.
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